ABSTRACT This paper investigated the influence of paper-wrapped on the deposition of sulfur corrosion on the insulation winding (paper-wrapped copper conductor) in oil-immersed insulation containing dibenzyl disulfide (DBDS). The distribution of sulfur corrosion deposit on a 500-kV electric reactor was investigated and analyzed, and the properties of oil were analyzed. Aging experiments were also conducted for oil-paper insulation with 500-mg/kg DBDS under IEC 62535 corrosion test condition. The corrosion degree of insulation winding was evaluated, and the properties of oil were also discussed. Results showed that the enwinding pattern of the insulating paper on the copper conductor affected the deposition distribution of copper sulfide to be an alternate appearance of a non-corroded crevice and a strip-shaped corrosion deposit on the copper conductor according to the results of field and laboratory. Furthermore, for the insulation winding, the increased number of paper layers on the copper conductor led to the aggravation of sulfur corrosion, prevented the diffusion of copper ions in the oil, and accelerated the formation of acids, which co-affected the properties of the oil. The enwinding of insulating paper on the copper conductor led to the appearance of a tiny crevice on the insulation winding, which is an important occurrence precondition of crevice corrosion. Finally, the mechanism underlying crevice corrosion for insulation winding was theorized as electrochemical corrosion leading to copper sulfide formation.
I. INTRODUCTION
Oil-immersed power equipment plays an important role in electric power transmission and distribution systems, such as in oil-immersed transformer and electric reactor. Copper conductor is widely used in oil-immersed equipment due to its excellent conductivity and stable physicochemical properties. Copper conductor covered with oil-impregnated insulating paper (insulation winding) are widely used for insulation in current and voltage transmissions and oilimmersed equipment. When the equipment runs, the insulation performance of oil-immersed equipment gradually decreases due to thermal aging, electrical fields, oxygen, and moisture [1] . In addition, sulfur corrosion seriously threatens the insulation performance of oil-immersed equipment due to the reaction of corrosive sulfur with copper [2] , [3] .
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Dibenzyl disulfide (DBDS) is the major cause of sulfur corrosion, which leads to the copper sulfide (Cu 2 S) formation in oil-immersed insulation [4] - [6] . The high-conductivity copper sulfide reduces the insulation and tracking resistance of oil-immersed insulation [7] , [8] .
Local and foreign studies extensively investigated the mechanism underlying sulfur corrosion. The Mitsubishi Company proposed that the corrosion of DBDS results in the formation of copper sulfide, wherein DBDS reacts with copper ions to generate a DBDS-Cu 2 compound that is dissolved in oil and then decomposes into copper sulfide [9] . Contactbased corrosion mechanism was proposed to elucidate the detachment and mobilization of copper sulfide on the copper conductor, indicating that copper-paper contact affects the sulfur corrosion of the insulation winding [10] .
Considering that copper sulfide seriously threatens the insulation performance of oil-immersed equipment, relevant international test standards, including ASTM D 1275 and IEC 62535, were established to detect the potential corrosiveness of insulating oil [11] , [12] . For ASTM D 1275, a bare copper strip placed in oil was heated at either 140 • C for 19 h (ASTM D 1275A) or at 150 • C for 48 h (ASTM D 1275B). For IEC 62535, a paper-wrapped copper placed in oil was heated at 150 • C for 72 h. The existing corrosion test standards have no unified stance on whether or not the insulating paper must be wrapped on the copper conductor. This confusion may lead to completely different test results. Paper-wrapped copper was adopted by the IEC 62535 corrosion test standard, whereas bare copper was adopted by the ASTM D 1275 corrosion test standard. Furthermore, the field examples and experimental data indicated that copper sulfide is mainly deposited on the surface of the copper conductor and on the innermost layer of insulating paper of insulation winding [13] - [15] . Therefore, the influence of paperwrapped copper or bare copper on the corrosive diagnosis of insulating oil warrants further investigation. This study aims to elucidate the corrosion mechanism for insulation winding (paper-wrapped copper) that induced copper sulfide formation in oil-paper insulation. A 500 kV electric reactor was disintegrated to analyze the corrosion degree of the insulation winding, and the properties of oil were investigated. Aging experiments were also conducted for the oil-paper insulation with some amount of DBDS under the IEC 62535 corrosion test standard. The corrosion degree of oil-paper was evaluated, and the properties of oil were also analyzed. Finally, an improved corrosion mechanism for copper sulfide formation was proposed to elucidate the influence of paper-wrapped on the sulfur corrosion of insulation winding. 
II. EXPERIMENT
San Cha Wan transformer substation from China jiangsu province, which started operating in 2007, used the electric reactor (5254-wire B phase 500 kV) produced by the ABB Co. Ltd. Nynas oil with the brand name of 10GBN was used in the electric reactor. The internal insulation winding of the electric reactor had 105 layers from top to bottom and 43 turns of each layer from the inside to the outside as shown in Figure 1 (a) and (b). One of the most common types of sulfur corrosion was found in the 500 kV electric reactor. After the disintegration of the 500 kV electric reactor, some deposits were found on the insulation winding as shown in Figure 1 (c). In particular, deposits were observed at the top portion of the insulation winding with the highest temperature and most severe corrosion.
The macroscopic morphology of the insulation winding surface and its component elements were investigated and analyzed via scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM/EDX) to understand the corrosion of the 500 kV electric reactor. The content of corrosive sulfur (DBDS) dissolved in oil was detected via gas chromatography-mass spectrometry (GC-MS) [9] , and the copper content in oil was detected via inductively coupled plasma-atomic emission spectrometry (ICP-AES) [15] to evaluate the corrosiveness of oil from the 500 kV electric reactor. The properties of oil-paper insulation were also evaluated and are shown in Table 1 . The sulfur corrosion mechanism in the oil-immersed insulation was investigated. Corrosive sulfur (DBDS, AR 99%) was purchased from the China Xiya Chemical Reagent Company. In this experiment, the winding sample was divided into six categories shown in Table 2 . The copper conductors wrapped with six, three, and one layer of paper were designated as Winding I, II, and III, respectively. The half part of the copper conductor wrapped with one layer of paper was designated as Winding IV. The bare copper conductor was designated as Winding V, and that with a separate layer of paper was labeled as Winding VI.
Six different categories of windings and oils with 500 mg/kg DBDS were aged following the IEC 62535 corrosion test standard. The specific experimental steps are shown below. The oils and windings were dried and degassed at 90 • C/50 Pa for 48 h, and the windings were immersed in oil at 40 • C/50 Pa for 48 h. Six different categories of windings VOLUME 7, 2019 and oils were separately placed in the sealed flasks under nitrogen condition. The flasks were then placed in the thermal chamber at 150 • C according to the IEC 62535 corrosion test standard. After 72 h of thermal aging, the oil-paper samples were removed from the flasks and naturally cooled. The insulation windings were observed and analyzed via SEM/EDX, and the properties of oil were also examined and are shown in Table 1 . 
III. ANALYSIS OF THE 500 kV ELECTRIC REACTOR
After the 500 kV electric reactor was disintegrated, visible deposits were found on most of the copper strips, indicating the corrosion attack on the insulation winding. More corrosive deposits were found on the copper strip on the highest insulation layer of electric reactor than on the rest of the layers. This finding is consistent with the temperature vertical distribution of the insulation winding of the electric reactor. The top insulation layer in the electric reactor had the highest temperature, which aggravated the corrosion of the insulation winding. Figure 2 shows the external appearance of copper strips from inside to outside on the highest insulation layer. The middle part of copper strips has higher corrosion degree than both sides as shown in Figure 3 . The temperature of the middle part was also higher than that of both sides on the same insulation layer of the electric reactor. The heat dissipation of the insulation winding on the middle part of the same insulation layer of the electric reactor was poorer than that on both sides and therefore does not easily promote heat dissipation, leading to the temperature of the middle part will be gradually higher than that on both sides. High Temperature is considered to be the most important factor leading to sulfur corrosion, and a higher temperature results in a higher copper sulfide deposition on the insulation winding. Figure 4 shows the SEM images of the copper strip from inside to outside on the highest insulation layer of the electric reactor (1st, 20th, 22nd, and 43rd turn insulation winding). Corrosion pits and particles were observed on all sampling areas of the copper strips under 1,000x SEM magnification and were found to be mainly deposited on the middle part of the highest insulation layer of the electric reactor. A small amount of corrosive particles and pits were deposited on both sides, and the corrosion pit on the middle was deeper than that on both sides. Corrosion pits indicated the occurrence of corrosion, and a deep corrosion pit indicates serious corrosion damage. The morphological differences among the corrosive deposits showed that the deposits on the copper strip on the middle were floccus, whereas those on both sides were granulated. This finding showed that a large amount of corrosive deposits agglomerated on the middle part of the copper strip, and a small amount of corrosive deposits were dispersed on both sides.
The main component elements of the corrosive deposits on the copper strip and insulating paper were analyzed via EDX. Sulfur and oxygen were detected on all copper strips, and the highest sulfur and oxygen atomic percentages of 3.0% and 3.8%, respectively, were found for the 20th turn insulation winding. These values gradually decreased from the middle part to the both sides on the highest insulation layer of the electric reactor. The atomic percentage ratio of Cu and S on the innermost layer paper was approximately 4 as shown in Figure 5 . These results indicate that copper sulfide and copper oxide were mixed, especially in the middle part of the highest insulation layer. Several strip-shaped corrosion deposits were formed on the same copper conductor. However, the portion between every two strip-shaped corrosion deposits on the copper conductor was not severely corroded because its degree of corrosion was significantly lower than that of the strip-shaped corrosion deposit as shown in Figure1(c) and Figure 2 . The commercial insulation winding is composed of insulating paper and copper conductor. Multilayer insulating paper was tightly wrapped on the copper conductor through enwinding, leading to the appearance of tiny crevices on enwinding direction of the innermost layer of the insulating paper. The area of the strip-shaped corrosion deposit on the copper conductor was the coverage of the enwinding direction of the insulating paper on the copper conductor as shown in Figure 6 . This finding indicates that the paper wrapped on the copper conductor may play a vital role in the formation of copper sulfide.
The DBDS content of oil was 147 mg/kg, and the copper content of oil was 0.8 mg/kg (results were measured six times to obtain the average). Nynas oil was used as the liquid insulation for the 500 kV electric reactor. Nynas oil usually contains 20-200 mg/kg concentration of DBDS, which improves the stability of oil oxidation as a highly efficient antioxidant [16] . Therefore, DBDS provides oxidation resistance and induces the corrosion damage of insulation winding [17] . Table 3 shows the physicochemical and electrical properties of the insulating oil of the 500 kV electric reactor. All the parameters were measured six times to obtain the average. Based on the reference comparing the preventive test code for electric power equipment (DL/T 596-1996) [18] , the acidity, dielectric loss, and volume resistivity were all within the threshold values. However, compared with the initial values, the acidity and dielectric loss of oil increased, the volume resistivity of oil decreased to some extent, and the water content of oil and breakdown voltage of oil exceeded the threshold range. These findings indicated that the properties of the oil from the 500 kV electric reactor significantly declined after 10 years of operation. On the one hand, the oilpaper insulation gradually degraded with usage, thus making water soluble in oil, increasing the water content of oil, and inducing the breakdown voltage. On the other hand, sulfur corrosion occurred, and thermal aging accelerated the formation of copper ions and acids in the oil. These phenomena lead to the increase in the dielectric loss and the decrease in the volume resistivity of oil. Table 4 shows the external appearance of six different categories of windings after the IEC 62535 corrosion test. For Windings I, II, and III, a large amount of visible deposits were found on the copper strips and innermost paper layers. However, scarcely any deposit was found on the outer layers, with Winding I having the largest number of deposit on the copper strip and the innermost layer of the paper, followed by Windings II and III. These findings indicate that the number of insulating paper layers on the copper conductor played an important role in the corrosive deposit formation, and the presence of numerous paper layers resulted in the high VOLUME 7, 2019 amount of corrosion deposit on the insulation winding. Some deposits were also found on the copper strip wrapped with insulating paper in Winding IV, but no deposit was observed on the other bare half. No deposit was also found on Windings V and VI, indicating that the direct contact of copper conductor and insulating paper resulted in sulfur corrosion deposition. Copper sulfide did not easily form on the insulation winding when the insulating paper was separated from the copper strip. Based on the preliminarily results, the bare copper strip was not corroded even under a high concentration of corrosive sulfur in the oil. However, this phenomenon led to the formation of sulfur-corroding deposits on the paperwrapped copper strip. Several strip-shaped corrosion deposits were also found on the paper-wrapped copper strip toward the enwinding direction of the insulating paper. A non-corroded crevice was also formed between every two strip-shaped corrosion deposits, and the above corrosion phenomenon is consistent with the corrosion of 500 kV electric reactor as shown in Figure 1 (c) and Figure 2 .
IV. LABORATORY EXPERIMENTAL RESULTS
These findings indicate that when certain amounts of DBDS were dissolved in the insulating oil, the paper-wrapped copper was corroded, but the bare copper strip was not. The paper wrapper played an important role in the formation of sulfur corrosive deposits on the winding. The enwinding pattern of the insulating paper on the copper conductor also affected the deposition distribution of copper sulfide to be an alternate appearance of a non-corroded crevice and a strip-shaped corrosion deposit on the copper conductor. The strip-shaped corrosion deposit corresponds to the part of the paper wrapper, whereas the non-corroded crevice corresponds to the portion between every two stripshaped corrosion deposits. The component elements on the corroded insulation winding, including those on the stripshaped corrosion deposit, were specified as area I, whereas the non-corroded crevice was specified as area II. These areas analyzed and are shown in Figure 7 . A large amount of corrosive particles were formed on the area I of the copper strip under 1,000x SEM magnification as shown in Figure 7 (b) , but only few corrosive particles accumulated on the area II of the copper strip as shown in Figure 7 (c). Figure 8 shows the EDX quantitation of sulfur on the insulation winding samples. Sulfur was detected in all samples of area I copper strip, with Winding I having the highest content, followed by Windings II, III, and IV. A small amount of sulfur was detected for all area II samples, with Winding I having the relatively highest content, followed by Windings II, III, and IV. Scarcely any sulfur was detected on Windings V and VI. The results showed that the sulfur content on area I of the copper strip was higher than that on the area II of the copper strip, thus confirming the important role of crevice in the deposition distribution of copper sulfide on the copper. Figure 9 shows that Cu and S were detected on the surface of the insulating paper, with Winding I having the highest content, followed by Windings II, III, IV, and VI. The atomic percentage ratio of Cu and S on the paper was approximately 3, indicating that copper sulfide and copper oxide were mixed on the insulating paper. The abovementioned results confirmed that the many layers of insulating paper induced the production of copper sulfide and increased the roughness of the insulating paper surface. the highest copper content, followed by Windings VI, IV, I, II, and III. However, Winding V showed the least acidity, whereas Winding I has the highest acidity, followed by II, VI, III, and IV. Windings I, II, and III showed a low copper content but exhibited high acidity, whereas Windings IV, V, and VI had a low acidity but high copper content. These findings indicate that the few insulating paper layers resulted in the high concentration of copper ion and the small amount of acid in the oil-paper insulation. Figure 10 (c) and 10(d) show that the water content of insulating oil varied in all samples, with Winding I having the highest water content, followed by Windings II, VI, III, IV, and V. However, Winding I showed the least breakdown voltage, with Winding V having the highest breakdown voltage, followed by IV, VI, III, and II. Windings I and II had a high water content but low breakdown voltage. Windings IV and V had a low water content but high breakdown voltage, indicating that the many layers of insulating paper increased the water content in oil. The breakdown voltage of oil was also affected by its water content, indicating a negative correlation.
As depicted in Figure 10 (e), the dielectric loss of insulating oil varied in all samples, with Winding I having the highest dielectric loss, followed by Windings V, VI, II, IV, and III. Figure 10(f) shows that the volume resistivity of oil was negatively correlated with the dielectric loss of oil, with Winding III having the highest volume resistivity, followed by Windings IV, II, VI, V, and I. The formation of aging products significantly changed the dielectric loss and the volume resistivity of oil, especially the acid substances and copper ions. Therefore, the fluctuations of dielectric loss and volume resistivity for different samples are mainly attributed to the acidity and copper content of oil.
Figure 10(g) shows that Winding I has the least DBDS content, whereas Winding V has the highest DBDS content, followed by Windings IV, VI, III, and II. This finding indicated that increasing the number of insulating paper layer accelerates the consumption of DBDS and the corrosion damage of the insulation winding. On the one hand, the insulating paper could adsorb DBDS, acidic substances, and copper ions. On the other hand, copper sulfide is formed on the insulation winding induced by DBDS via the decomposition of DBDS-Cu 2 .
V. DISCUSSION AND ANALYSIS
Copper conductor used in in oil-immersed insulation is susceptible to many forms of corrosion, including chemical and electrochemical corrosion. Sulfur corrosion in oil-immersed insulation is a typical chemical corrosion that involves copper and DBDS dissolution in the oil and the formation of copper sulfide through the combination of copper ion and DBDS. However, sulfur corrosion is usually accompanied by electrochemical processes, which generally occur in the interface between the copper metal and an electrolyte solution. The enwinding of insulating paper on the copper conductor leads to the appearance of a tiny crevice on the enwinding direction of insulating paper, especially in the innermost layer of the paper. In this paper, sulfur corrosion exhibits the alternate appearance of a non-corroded crevice and a strip-shaped corrosion deposit on the copper conductor. Anodic and cathodic areas are present in the paperwrapped copper based on the electrochemical corrosion theory. The crevice formed by the enwinding of the insulating paper on the copper conductor was specified as crevice I, whose width is 0.1-0.2 mm depending on the processing differences for paper-wrapped copper. The crevice formed by the contact of insulating paper and copper conductor was specified as crevice II, and the distance between the innermost layer of the insulating paper and copper conductor is almost negligible due to the tight contact of the paper and copper. The oxidation and reduction of crevice I and crevice II simultaneously occur during the initial stage as shown in Figure 11 . The charge between the solution and the copper conductor is balanced during this phase, and the electrons produced by the oxidation reaction are consumed by the reduction reaction as shown in the following formulas:
When the corrosion reaction further continues, the oxygen inside crevice II is rapidly consumed, and the oxygen of crevice I cannot easily migrate to the crevice II due to the tight contact of the paper and the copper. This phenomenon results in the formation of oxygen-concentrated cells. For the paper-wrapped copper, crevice I serves as the cathode, whereas crevice II serves as the anode. Oxygen is consumed at the cathode where the electrons have gathered, and copper ions dissolve at the anode due to oxidation reaction. The latter accelerates the copper ion formation near the anode. A large amount of copper ions are promoted due to the formation of oxygen concentration cell and thus accelerate the formation of copper sulfide. Consequently, a severe corrosion attack occurs in crevice II. Crevice I becomes cathodic and is relatively protected from sulfur corrosion attack as shown in Figure 12 .
The Mitsubishi Company pointed out that DBDS-Cu 2 is formed via the combination of copper ion and DBDS [9] . Considering that the dissolution of copper in the oil is in the form of Cu + or Cu 2+ , the corrosion reaction for copper sulfide formation can be presented in the following formulas:
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The amount of copper ion on the cathode is lower than that on the anode due to the formation of oxygen-concentrated cells. This phenomenon leads to the formation of metal ion concentration cell as the corrosion reaction continues. For the paper-wrapped copper, crevice I serves as the anode, whereas crevice II serves as the cathode as shown in Figure 13 . In this case, crevice I becomes anodic and is attacked by sulfur corrosion, thus accelerating copper ion formation. However, copper ions are easily adsorbed by the insulating paper due to their strong adsorption ability. This finding indicates that the copper ions at crevice I easily migrate to the adjacent insulating paper. Therefore, sulfur corrosion in the crevice I is not severe. Crevice II becomes the cathode, is relatively protected, and is not involved in the oxidation of Cu to Cu + or Cu 2+ . However, DBDS is also easily adsorbed by the insulating paper as shown in Figure 10 
The deterioration of oil-paper generates a large number of copper ions and acids, which are easily adsorbed on the insulating paper and leads to the accumulation of Cu+ and H+ in the oil-paper insulation. Copper ion formation easily leads to the decomposition of hydrogen peroxide, the formation of free radicals, and the acceleration of oil-paper oxidation, and the formation of polar molecules, such as acids. Copper is easily positively polarized by copper ion (Cu + and Cu 2+ ), whereas sulfur is easily negatively polarized by sulfide (S 2− ). When the oil contains free radicals of acids, such as COOH, these radicals promote the bond of DBDS and copper ion due to strong oxidation capacity, thus accelerating copper sulfide formation. For the bare copper, both copper ion and acid are easily diffused in the insulating oil, and the DBDS-Cu 2 compound does not easily attach to the surface of the copper conductor and decompose into copper sulfide.
VI. CONCLUSIONS
This paper explored the corrosion mechanism of copper sulfide formation in insulation winding (paper-wrapped copper conductor) based on the field results and experimental data and existing corrosion theory. The conclusions of this paper are as follows:
x The direct contact of copper conductor and insulating paper resulted in copper sulfide deposition, and increasing the number of insulating paper layers on the copper conductor promoted the formation of copper sulfide, prevented the diffusion of copper ions in the oil, and accelerated the formation of acids, which co-affected the properties of the insulating oil.
y The enwinding of the insulating paper on the copper conductor affected the deposition distribution of copper sulfide and thus led to the alternate appearance of a non-corroded crevice and a strip-shaped corrosion deposit on the copper conductor in oil-immersed insulation.
z The crevice formed on the paper-wrapped copper conductor is an important precondition and plays a role in the formation and distribution of copper sulfide on the copper conductor. The mechanism of crevice corrosion for paperwrapped copper conductor that induced the formation of copper sulfide is proposed.
